The aim of this in vitro study was to comparatively evaluate the microshear bond strength (MSBS) of etch-and-rinse and self-etch (ER and SE) bonding systems to dentin pretreated with silver diamine fluoride/potassium iodide (SDF/KI) and nanoleakage at the resin-dentin interface using transmission electron microscope (TEM). Subjects and Methods: Seventy-two dentin slabs of 3 mm thickness were prepared from extracted human permanent third molars and divided into four groups (n = 18) based on the dentin surface treatment as follows: (1) ER adhesive bonding without dentin pretreatment; (2) SDF/KI pretreatment of dentin followed by ER adhesive bonding; (3) SE adhesive bonding without dentin pretreatment; and (4) SDF/KI pretreatment of dentin followed by SE adhesive bonding. Resin composite was built on the dentin slabs to a height of 4 mm incrementally, and dentin-composite beams of approximately 1 mm 2 cross-sectional area were prepared. The beams were subjected to MSBS analysis, and the fractured surface was observed under scanning electron microscope to determine the mode of failure. The resin-dentin interface was examined under TEM for evaluation of nanoleakage. Statistical Analysis Used: One-way ANOVA followed by Tukey's post hoc multiple comparison tests. Results: Pretreatment of dentin with SDF/KI increased the MSBS of ER and SE adhesives, though not statistically significant, except between Groups 2 and 3. In all the groups, the predominant mode of failure was adhesive followed by cohesive in resin, mixed and cohesive in dentin. TEM examination of resin-dentin interface showed that pretreatment with 38% SDF/KI reduced nanoleakage regardless of the type of bonding system used. Conclusions: Pretreatment of dentin with SDF/KI minimized nanoleakage at the resin-dentin interface without adversely affecting the bond strength of resin composite to dentin.
shown morphologic evidence of the presence of nanometer-sized porosities ranging in size from 20 to 100 nm in the hybrid layer using silver nitrate as a tracer. The penetration of any substance into these nanometer-sized porosities is termed as nanoleakage. [7, 8] These spaces serve as pathways for movement of water and enzymes like MMPs that can cause degradation of collagen fibrils, exposed by suboptimally infiltrated adhesives, resulting in a reduction of bond strength over time. [3, 9] Various strategies have been tried to eliminate or minimize nanoleakage at the resin-dentin interface such as the application of multiple consecutive coatings of the adhesive resin to dentin [10] and pretreatment of dentin using tubular occluding agents such as oxalates or poly (glutamic) acid-modified, diluted ceramicrete (PADC). [11] Silver diamine fluoride (SDF), primarily a cariostatic agent has been shown to inhibit MMP-2, MMP-8, MMP-9, and cysteine cathepsins. [12] [13] [14] It has also been shown to possess tubule occluding property. [15] In addition, it possesses a broad spectrum of antibacterial action against Streptococcus mutans, Streptococcus sobrinus, Lactobacillus acidophilus, Lactobacillus rhamnosus, and Actinomyces naeslundii. [16] Quock et al. showed that pretreatment of dentin with 38% SDF did not adversely affect the bond strength of composite resin to dentin. However, it resulted in discoloration of dentin. [17] Hence, the use of potassium iodide (KI) to mask this staining effect had been advocated. [18, 19] However, till date, there are no studies to evaluate the effect of the combination of SDF and KI on the bond strength of etch-and-rinse and self-etch (ER and SE) adhesives to dentin. The null hypothesis tested were that (1) SDF/KI has no effect on the bond strength of composite resin to dentin and (2) the type of adhesive, ER or SE, does not affect the bond strength of composite resin to SDF/KI pretreated dentin surface. Hence, the aim of this in vitro study was to comparatively evaluate the microshear bond strength (MSBS) of ER and SE adhesives to dentin pretreated with SDF/KI and to evaluate nanoleakage at the resin-dentin interface using transmission electron microscope (TEM). The mode of bond failure was also evaluated under scanning electron microscope (SEM).
SUBJECTS AND METHODS

Specimen preparation
Seventy-two extracted human permanent third molars with fully formed root apices, free from caries, fluorosis, restorations, and fractures were collected and stored in 10% aqueous formalin until use. The roots were cut and discarded 2 mm below the cementoenamel junction using a low-speed diamond disk under water coolant. The occlusal surfaces of the teeth were ground to expose dentin. The exposed surfaces were polished using 600 grit silicon carbide abrasive paper under running water to obtain a flat dentin surface. The 72 dentin slabs were standardized to a uniform thickness of 3 mm and were randomly assigned to four groups based on the dentin surface treatment and bonding system used. The SDF/KI product (Riva Star, SDI Limited, Victoria, Australia) used for dentin surface treatment in this study consists of 38% (w/v) of diamine silver fluoride and a saturated solution of KI. The groupings and specimen preparation protocol are given in Table 1 .
In each group (n = 18), 15 dentin-composite slabs were used to evaluate MSBS, and the remaining three slabs were used to evaluate nanoleakage at the resin-dentin interface under TEM. These slabs were sectioned into 1 mm × 1 mm beams by means of a low-speed diamond disk under water coolant. Five such dentin-composite beams were prepared from each slab.
Microshear bond strength testing
The beams were embedded in acrylic resin block and fixed to a universal testing machine (Instron 3382, Canton, MA, USA). Forces were applied to the dentin-composite bonded interface at a crosshead speed of 1 mm per min until fracture occurred. An average value of five beams from each sample was considered as the mean MSBS for that sample, and the average MSBS value of fifteen such samples in the group was considered as the mean for that group. The fractured samples were analyzed using a SEM (JSM-5600, JEOL, Tokyo, Japan) and the mode of failure was determined.
Nanoleakage evaluation
Fifteen dentin-composite beams (1 mm × 1 mm) from each group were immersed in 50 wt% ammoniacal silver nitrate (Chenchems, Chennai, Tamil Nadu, India) tracer solution for 24 h. The silver impregnated samples were rinsed with distilled water and placed in the photo-developing solution for 8 h under a fluorescent light. The beams were then dehydrated in an ascending ethanol series (30% to 100%) and embedded in epoxy resin. Nondemineralized 90-100 nm thick sections were prepared with an ultramicrotome (Leica EM UC6, Leica Microsystems GmbH, Vienna, Austria) and the resin-dentin interface was examined for nanoleakage without additional staining using TEM (Philips CM20, Philips, Eindhoven, The Netherlands).
Statistical analysis
The results were statistically analyzed using one-way ANOVA followed by Tukey's post hoc multiple comparison tests (P < 0.05).
RESULTS
The mean MSBS values (in MPa) and the distribution of failure modes (in %) of the groups are given in Table 2 . Group 2 showed the highest MSBS value (29.52 ± 1.13) compared to the other groups. This was significantly higher than the mean MSBS of group 3 (28.47 ± 0.53). No significant difference was seen between other groups. In all the groups, the predominant mode of failure was adhesive followed by cohesive in resin, mixed and cohesive in dentin.
The TEM photomicrographs of Group 1 (ER) [ Figure 1a ] and Group 3 (SE) [ Figure 1c ] showed large reticular pattern of nanoleakage within the hybrid layer whereas the TEM photomicrographs of Group 2 (SDF/KI -ER) [ Figure 1b ] and Group 4 (SDF/KI -SE) [ Figure 1d ] showed spotted pattern of nanoleakage.
DISCUSSION
From the results of this study, it was observed that pretreatment with SDF/KI did not adversely affect the bond strength of ER and SE bonding systems to dentin. This is the first study to report the effect of the combination of SDF/KI, both on the bond strength to dentin and on nanoleakage. Quock et al. found similar results of bond strength with SDF alone, but they observed dark staining of the dentin samples. [17] The disadvantage of using SDF alone is that they cause black staining of the tooth structure. Knight et al. showed that this untoward side effect of staining can be eliminated by application of KI following SDF application, and washing off the white precipitate formed. [19] Hence, in this study, the combination of SDF/KI was used. KI reacts with free silver ions and forms a creamy white precipitate of silver iodide, which eliminates the black staining caused by SDF application. Knight et al. [20] inferred that leaving the silver fluoride/KI precipitate on the surface significantly reduced the bond strength of auto cure glass ionomer cement to dentin. They also showed that the use of SDF/ Adper Easy One was applied on the pretreated dentin surface according to manufacturer's instructions and light cured for 10 s *Dentin pretreatment with SDF/KI was done after acid etching, † Dentin pretreatment with SDF/KI was done prior to application of the self-etch adhesive, ‡ 38% SDF solution (Riva star, SDI Limited, Victoria, Australia) was applied to the dentin surface and left in place for three minutes followed by application of KI solution until a white precipitate formed; the precipitate was rinsed with distilled water and the excess water was blot dried using tissue paper, § Curing was done using a halogen curing light (3M ESPE, St Paul, USA) having a light output of 600 mW/cm 2 . Bis-GMA=Bisphenol A diglycidyl ether dimethacrylate, HEMA=2-hydroxyethyl methacrylate, SDF/KI=Silver diamine fluoride/potassium iodide, ER=Etch-and-rinse, SE=Self-etch KI combination, followed by washing away the white precipitate formed with water and air drying the dentin did not adversely affect the bond strength of auto cure glass ionomer cement to dentin. [20] Hence, in the present study, the reaction products were washed away before dentin bonding. Furthermore, SDF/KI application was done after acid etching the dentin surface with 37% phosphoric acid in the ER groups in contrast to Quock et al.'s study, [17] where etching of dentin with 35% phosphoric acid was done after dentin surface treatment with 38% SDF. This method was followed based on a study by Knight et al. [21] who showed that increased levels of silver and fluoride were present on demineralized dentin samples compared to nondemineralized samples following application of SDF/KI using an electron probe microanalysis.
In this study, the MSBS values between the control groups, and between the control and experimental groups of each bonding system were not statistically significant [ Table 2 ]. This implies that SDF pretreatment of dentin did not adversely affect the bond strength, irrespective of the bonding system used. Only experimental ER group showed significantly higher bond strength (29.52 ± 1.13) compared to control SE (28.47 ± 0.53) group.
The use of ER adhesives on dentin results in the formation of a continuous, uniform, and thicker hybrid layer; whereas, in SE adhesives the hybrid layer is thin and often associated with droplets between adhesive and resin composite. Moreover, the resin tags obtained with ER adhesives has conical swelling at their bases which are a sign of proper adaptation and sealing. Formed resin tags also contain numerous small lateral extensions of microtags branching off at right angles that offer supplementary retention and sealing; whereas SE adhesives show short and funnel-shaped tags with no lateral branches. [1, 22] This difference in the physical appearance of the hybridized complex, however, will not jeopardize the optimal bond strength achieved with SE bonding systems, as long as a uniform demineralization front is created at the underlying dentin and it is fully impregnated by resin. [22] This could be the reason for the absence of a significant difference between the ER and SE groups in the present study.
Resin-dentin bonds created by contemporary adhesives are susceptible to fluid permeation, more so with 2-hydroxyethyl methacrylate (HEMA)-based adhesives, resulting in significant reduction in their bond strengths. [23, 24] Adequate infiltration of monomers into the etched dentin and a molecular interaction of adhesive with apatite-depleted collagen remains a challenge with the ER systems. [25] Often, a discrepancy exists between the depth of demineralization and the degree of resin infiltration. [25, 26] Nanoleakage may occur due to the continuous transudation of dentinal fluid through open dentinal tubules, around resin tags, thus adversely affecting bond strength. [27] Furthermore, during wet bonding, residual water in interfibrillar spaces might decrease the degree of polymerization of the adhesive and/ or lead to hydrogel formation of HEMA within the hybrid layer leading to debonding. [4, 23] Craig et al. [15] suggested that application of SDF/KI to dentin could precipitate proteins in the dentinal tubules, [28] block dentinal tubules by forming deposits of calcium fluoride [29] and reduce dentin tubule patency by the formation of silver iodide. Sadek et al. [11] showed that the use of potassium tetraoxalate, a tubule occluding agent increased the bond strength of total-etch adhesives to dentin. Similar kind of tubule occlusion could have been produced by SDF/KI and may be the reason for the marginal increase in bond strength in the experimental groups compared to the control groups. Tubule occlusion caused by SDF could have prevented the intrinsic fluid movement at the adhesive interface of ER adhesives. This could be responsible for the significant increase in the bond strength of the experimental ER group in the present study as compared to the control SE group.
Mode of failure tells not only about the reliability of stress distribution during the test but also about the weakest area in the complex dentin-adhesive interface. [30] In all the groups, the predominant mode of failure was adhesive followed by cohesive in resin, mixed and cohesive in dentin.
TEM examination of resin-dentin interface revealed large reticular patterns of nanoleakage, suggestive of extensive silver uptake in both the control (ER and SE) groups. In this pattern, the silver deposits were oriented perpendicular to the surface of the hybrid layer and are the morphological manifestation of water-treeing. [31] They represent water filled resin blisters that osmotically draw water from dentin and adhesive into hypertonic regions created by solubilized calcium and phosphate. These sites would debond leading to adhesive failure. [3] A less extensive and spotted pattern of nanoleakage was seen in both the experimental groups. 
